The sequence of three tRNAs from Halobacterium cutirubrum have been determined. The sequences of tRNAg^J and tRNAYjjl differ by only one nucleotlde which Is in the 5' terminal anticodon position. These tRNAs as well as that of tRNApg^ are compared to other known halobacterial tRNAs. An observed paucity (or absence) of U in the first anticodon position is unique to archaebacterial tRNAs and may be indicative of unusual decoding properties of these organisms.
INTRODUCTION
The identification of archaebacteria as a grouping of life forms, distinct from eukaryotes and eubacteria has been one of the major contributions to evolutionary biology in recent years (1, 2) . In order to bring new data to bear on this hypothesis of Woese and co-workers, we initiated structural studies on the tRNAs of halobacteria, a major phylum of archaebacteria.
As previously discussed (3), tRNA sequences can be useful indicators of evolutionary relationships between organisms. Moreover, the intimate role played by tRNA during the translation of mRNA often permits the exploitation of tRNA structure data in the inference of aspects of the translation mechanism. This was illustrated recently by the discovery that some mitochondrial tRNAs decode mRNA by a novel mechanism (4-6), which is not predicted by the Wobble hypothesis (7) . In this study, we present three sequences from Halobacterium cutirubrum: tRNA , tRNA__ and tRNA,,,,,. CGC GAC CAC Analysis of these and other known tRNA sequences in halophiles leads to the conclusion that message decoding in these organisms may differ substantially from that in eukaryotes and eubacteria.
MATERIALS AND METHODS
RNA was isolated from Halobacterium cutirubrum by phenol extraction (8) .
The low molecular weight RNA fraction was obtained by DEAE cellulose column chromatography. Unique RNA species were isolated after two or three electrophoretic dimensions of varying temperatures (5° or 20°) and/or urea concentrations (4M or 7M) (9) . Figure 1 shows the band pattern of the crude tRNA sample obtained in the first electrophoretic dimension. tRNA sequencing was carried out by chemical or enzymatic hydrolysis of 3' or 5' labelled material (9,10). In addition, major portions of each tRNA sequence were verified by the limited hydrolytic technique (11) . All positions of the tRNAs reported here were determined by at least two sequencing techniques.
The sequences of the three H. cutirubrum tRNAs: tRNA Jt, tRNA * and Val tRNA , are shown in Figure 2 . Modified nucleotides were isolated as the 5'-terminally labelled nucleotides in the hydrolytic degradation technique (11) and identified by thin layer chromatography (12) . The modified nucleotide in position 54 (numbering by the Cold Spring Harbor Convention)
was particularly difficult to identify, since it behaves like ribothymidylate (T) in many solvent systems. In the two-dimensional system of Nishimura result was quite unexpected, since the tRNAs were well separated on gels (see Fig. 1 ) and both were major components of their gel band. Subsequently, Val in order to isolate and identify other potential tRNA isoacceptors, crude 14 tRNA was aminoacylated with [ CJvaline using a heterologous yeast synthetase preparation, since these synthetases have been shown to aminoacylate 11. cutirubrum tRNA even better than some eukaryotic tRNA (15) . The RPC-5 pattern of the resulting mixture is shown in Figure 3 . The-two radioactive Val Val fractions peak I and II were identified as tRNA GAC and tRNA^Q respectively, since their electrophoretic mobility corresponded to the gel bands from which the tRNAs were initially isolated (see Fig. 1 , tracks c and d). These data are only strongly suggestive that no other valine isoacceptor tRNA exists, (9) . These samples were run on a 10Z polyacrylamide gel at 800 volts and 5° until the xylene cyanol marker moved 40 cm on the gel. X-ray film exposure was for 15 min. Track a is a labelled 16S RNA control. Track b shows the pattern obtained from crude IJ. cutirubrum tRNA. The two bands 5 and 7 were extracted and run on a second 202 polyacrylamide 7M urea gel at room temperature. Band 7 gave rise to two major bands: tRNA^i 3 ., the faster AX?i tRNA^i 3 ., and 5 in the second moving band, and tRNAX?i, both reported in this paper. Band 5 the sc dimension gave rise to one major band, tRNAjjjJjt and 4 minor bands. The two lanes (c and d) are the fractions II and I respectively, isolated from the RPC-5 chromatography shown in Figure 3 . These two tRNA fractions had been precipitated using 16S RNA as carrier before labelling. The tRNA was dissolved in 3 ml of 0.01M NaOAc (pH 4.5) containing 0.01M MgCl2 and 0.1M NaCl and applied to a 0.7 x 23 cm RPC-5 column previously equilibrated in the acetate buffer. Elution was performed by 150 ml of a 0.3M to 1.2M NaCl gradient in the acetate buffer. Fractions of 1 ml were taken and the radioactivity in 25 ul was counted in a scintillation cocktail. Peaks I and II were precipitated using 16S RNA as a carrier and deacylated in 100 pi of 0.2M Tris-acetate buffer (pH 9.0) for 30 min at 37°. These samples were then treated as in Figure 1 . The first large peak elutes in the void volume of the 0.1 M salt loading buffer.
since it could be argued that a particular isoacceptor is poorly recognized by the heterologous enzyme preparation.
The finding of two isoaccepting tRNAs differing only in the anticodon is quite rare. Among sequenced tRNA only mammalian proline (16) and, perhaps significantly, mammalian valine (17,18) tRNA isoacceptors exhibit this feature. Although it is unlikely that this observation reveals a close phylogenetic relationship between mammals and halobacteria, a similarity in genome structure, particularly repeated DNA arrangements (19, 20) , could be instrumental in directing gene conversion between two originally distinct tRNA genes. Indeed, evidence is now accumulating which demonstrates that two distributions, but these will not be discussed in this paper.
In support of the above discussion, the frequency of codon use in the bacteriorhodopsin gene in H. halobium mirrors anticodon structure in that the valine codon distribution is 3 GUU, 8 GUC, 3 GUA and 9 GUG (27) . Therefore there are close to three times more G + C than A + U at the third valine codon position. Since the G + C content for this gene is 61.5Z, that for total H. halobium DNA is 67Z (28), the G + C enrichment is not enough to account for the codon usage data. Similar skewed distributions at the third codon position is found for other amino acids using 4-fold degenerate codons:
U-ll, C-39, A-17 and G-50 and overall: U-19, C-106, A-28 and G-108.
On the other hand, the more than trace amounts of the A + U type codons clearly require some sort of translation. At least in the case of valine in 11. cutirubrum, a strict two-out-of-three reading mechanism (29) in translation can probably be excluded due to the existence of isoacceptor tRNAs (30). The apparent paucity or absence of A and U at the first anticodon position virtually requires consideration of the decoding of A + U type codons in halobacteria by G or C in the anticodon. Whereas G is known to decode C and U terminating codons (7), the decoding of A in the codon by C or G in the anticodon must be extremely rare. A recent article has dealt with the possibility of C-A pairing in codon-anticodon interaction (31) however, and in this light, C reading A of the message might obtain for isoleucine tRNA of chloroplasts (32) A range of characteristics already delineate the archaebacteria from eubacteria and eukaryotes (1, 2, 19, 23, 36, 37) . A unique strategy of anticodon usage would confirm at a particularly fundamental level their classification as a third form of life. The evolutionary rationale and consequence of their strategy, when more fully understood, will hopefully throw light on the intricacy of the modern and ancient genetic apparatus.
